In this study we report a new method for maskless lithography fabrication process by a combination of direct silicon oxide etch-stop layer patterning and wet alkaline etching. A thin layer of etch-stop silicon oxide of predetermined pattern was first generated by irradiation with high repetition (MHz) ultrafast (femtosecond) laser pulses in air and at atmospheric pressure. The induced thin layer of silicon oxide is used as an etch stop during etching process in alkaline etchants such as KOH. Our proposed method has the potential to enable low-cost, flexible, high quality patterning for a wide variety of application in the field of micro-and nanotechnology, this technique can be leading to a promising solution for maskless lithography technique. A Scanning Electron Microscope (SEM), optical microscopy, Micro-Raman, Energy Dispersive X-ray (EDX) and Xray diffraction spectroscopy were used to analyze the silicon oxide layer induced by laser pulses.
Introduction
Photolithography is considered to be an important method in a wide range of applications such as fabrication of information storages, micro and nano photonics, nanoelectromechanical systems (NEMS), microelectromechanical systems (MEMS), microfluidics and lab On a Chip Systems [1] [2] [3] [4] [5] [6] [7] . Patterning layers of etch stop materials on the substrate materials (such as silicon) is one of the most important issues in the photolithography process. Silicon oxide is one of the most attractive materials which is used as an etch stop during etching process. In contrast to other etch stop materials which suffer from one or more problems, silicon oxide offers a lot of desired characteristics and advantages which make silicon oxide an evermore-valuable compound in photolithography method. Known methods for the generation of silicon dioxide (SiO 2 ) patterns generally involve either physical or chemical vapor deposition; the deposited films must be patterned subsequently using a resist and various etching techniques which are often accomplished through a multi-steps fabrication methods [8] [9] [10] [11] [12] [13] [14] [15] . Additionally, conventional photolithography technique is not well-suited to cost-effective, and highthroughput processing since there is several steps in fabrication process and this technique requires photomask for replication which its fabrication is time consuming and expensive [16] [17] [18] . Over the past few years, a number of novel techniques such as scanning electron beam lithography (SEBL) [19] [20] [21] focused ion-beam (FIB) lithography [22, 23] , multi-axis electron beam lithography (MAEBL) [24] , interference lithography (IL) [25, 26] maskless optical projection lithography [27] , easy soft imprint nanolithography (ESNIL) [28] , scanning-probe and dip pen lithography (SPL, DPL) [29, 30] , and Tribo Nano Lithography (TNL) based on atomic force microscope (AFM) [31-34] have been reported for maskless replication of micro/nanoscale patterns of silicon oxide on silicon substrate. Although, these techniques have some advantages, they suffer from problems of high cost, low throughput and pattern placement inaccuracy [35] ; most of these techniques entail time consuming processing steps and employ complex and expensive equipments which are influenced by environment, also they are only applicable to micron-sized devices and for large scale manufacturing, cell stitch must be performed which can be very challenging due to the small dimension of each cell. Recently, we reported a new method for generation of oxidized silicon layer on Si substrate by irradiation with fluences below ablation threshold using a high repetition rate femtosecond laser [8] . In this research, we attempt to use this oxidized layer as an etch stop in alkaline etchant, such as KOH to develop a unique approach for single step maskless lithography by a combination of direct-write femtosecond laser oxidation of silicon (etch stop layer) and chemical wet etching. Using a mega hertz frequency femtosecond laser pulses makes it possible to control laser fluence below ablation threshold which causes crystalline silicon conversion to an oxidized silicon. The induced thin layer of oxidized silicon is then used as an etch stop in the following wet chemical etching (KOH) for maskless lithography. In comparison with previous methods, our method can be a promising solution for both direct generation of silicon oxide pattern on Si-substrate ( Fig. 1(b) ) and maskless lithography ( Fig.  1(c) ); the direct oxidation of silicon (etch-stop layer) induced by femtosecond laser is a maskless single-step technique which offers a higher flexibility and reduces the processing time. In addition this method allows for the large-area patterning (in mm-scale) at fast writing speed under ambient conditions.
Experimental setup
To study the direct patterning of silicon oxide, undoped <100> oriented silicon wafers were used. Prior to laser irradiation, silicon samples were rinsed in an acetone and then treated in a pure water. First, silicon wafers were irradiated of predetermined pattern with fs pulses with pulse energy controlled in oxidation range under ambient conditions. In order to investigate the feasibility of using this technique in applications such as lithography, the irradiated samples were etched in a KOH solution.
The Femtosecond laser used in the study was a diode-pumped, Yb-doped system. This laser emits pulses of 214 fs pulse duration. Using a harmonic generator, the laser beam is converted to the second harmonic (515) central wavelength. The theoretical diameter of the focused laser spot is calculated to be 5.2 μm [2] . Samples were irradiated with laser beams of power of 3.3 W at pulse frequency of 26 MHz and a speed of scanning of 100 mm/s (laser intensity, I = 0.15 J/cm 2 ). Irradiated samples were observed and analyzed using a scanning electron microscopy (SEM), an optical microscopy, a Micro-Raman, an Energy Dispersive Xray (EDX) and a X-ray diffraction spectroscopy. Figure 2 shows morphology of the oxidized silicon patterns on Si-substrate after irradiation with sub-ablation threshold femtosecond laser pulses. SEM images show bump lines around 7 μm width and 500 nm height induced with femtosecond laser pulses with a power of 3.3 W supplied at 26 MHz. As shown in Fig. 2 , the embossed lines (made of silicon oxide) can be generated consistently on a silicon surface with carefully controlled laser parameters. Generally in the silicon oxidation process, the final silicon oxide layer is approximately 54% above and 46% below the original silicon surface which is because of the difference in densities between Si and SiO 2 [36] . Figure 3 (a) represents optical microscope topography images of the induced areas after irradiation. Cross sectional views show embossed lines around 500 nm high and 7 µm width induced at the laser power of 3.3 W and frequency of 26 MHz with the pulse duration of 214 fs. Due to this fact that the final oxide layer is 54% above and 46% below the original surface, it can be concluded that the real thickness of oxide layer on Si-substrate is approximately 1 µm. In order to verify the elemental composition of the irradiated area (embossed lines), EDX and Raman spectroscopic analyses were hired. EDX results indicated the existence of oxygen in irradiated lines which are explained to be due to the Si-O-Si bounds in an irradiated area (Fig. 4) . Raman spectroscopy was dominated by the signal at wavenumber of 519 cm 1 which is the characteristic peak of silicon (Fig. 5) . Also, a hump was observed at the wavenumber of 954 cm 1 corresponding to silicon oxide [37] . Back scattering micro-Raman analysis was performed under ambient conditions using 532 nm line of Ar ion laser source. Consequently, it can be concluded that irradiated lines were converted to silicon oxide. Figure 6 shows X-ray diffractometer (XRD) data for the silicon samples before and after irradiation by laser. XRD measurement of the samples was performed using a X-ray diffractometer equipped with the X-ray source of Cu rotating anode generator (λ = 1.54184Å) operated in a large angle rate of 10°-60°. In spite of the good resolution of XRD measurements, the spectra of laser irradiated samples (post-irradiation) exhibits only one crystalline peak in the spectra of laser irradiated sample and no other crystalline peaks of Si were detected. Also, the XRD graph of the laser treated samples (post-irradiation) shifted to the lower level of intensity. Therefore, it can be concluded that the irradiated area converted from a crystalline silicon to an amorphous silicon oxide (a-SiO x ) which is in agreement with other spectroscopy results obtained by micro-Raman and EDX. The manufacture of many micro/nano scale devices from silicon requires the use of an etch stop layer to selectively stop the anisotropic etching of silicon at the chemical etchant such as KOH. Previous studies proposed by researchers have shown that the silicon oxide is an excellent material for creating etch-stop layers on the silicon wafers. Figure 7 , shows SEM images of the induced samples after etching in a 30% KOH alkaline solution at temperature of 65° C after 4 minutes. As shown, the silicon oxidized pattern on silicon substrate acted as an etch stop during the etching process and finally micro scale features were generated on the silicon substrate. Figure 3(b) shows optical microscope topography images of induced Si samples after etching in KOH. As shown in cross sectional view, the height of the generated lines after etching is around 1 µm supporting the fact that bumps are made of silicon oxide and act as an etch stop in an alkaline etchant. Fig. 7 . SEM images of silicon oxide pattern after etching in KOH (30%) at 65°C after 5 min. Figure 5 shows the micro-Raman spectroscopy results of the irradiated lines before and after the etching process. The peak at 520 cm 1 which is corresponding of crystalline silicon shifted to a lower energy level after an etching but the peak of silicon oxide remained nearly in the same level of energy supporting this statement that the irradiated area converted to a silicon oxide and acted as an etch stop during the etching process in KOH.
Results and discussion
The growth of an oxide layer can be modeled by a number of well-known thermal models such as Deal-Grove model [38] . During the last years, some laser induced models have been proposed by researchers, it can be concluded from the proposed simulations based on thermal models that oxidation of silicon occurs at the temperature in the range of 1000~1600 K [8, [38] [39] [40] [41] .
According to [45] , R, the reflection coefficient of silicon during irradiation by femtosecond laser pulses is 0.393 and 0.329 at the wavelength of 488 nm and 800 nm, respectively. Thus, the reflection coefficient of silicon can be calculated to be around 0.38 at 520 nm. In the case of below ablation laser fluence, the residual energy coefficient for silicon, K, is 0.8 [46] ; thermal conductivity, k, is 155 W/mK and thermal diffusivity is 8.5 × 10 5 m 2 /s [47] . The effective number of pulses in our experiment was calculated to be around 1700 by 2 eff N fd v   , where v is scanning speed (100 mm/s). The computed results in Fig. 8 , show that initially the surface temperature increases with the accumulation of number of pulses (N<20). However further increase in pulse number causes the average surface temperature reaches saturation. The final surface temperature at 26 MHz at the power of 3.3 W is around 1434 °K which falls in into the temperature range (1000-1600 °K) and can lead to generation of the silicon oxide on the substrate surface of the crystalline silicon wafer. In fact, increased number of pulses (more than 30) will not lead to the heat accumulation and ablation on a silicon substrate since the silicon substrate cools off between pulses no matter how many pulses are applied into the target.
Conclusion
In this study, we proposed a new method for direct patterning of silicon oxide etch-stop layer on a silicon substrate using high repetition ultrafast laser pulses which enable us to control the laser fluence and the target surface temperature below the ablation threshold and keep the surface temperature in the oxidation temperature range. This technique is potentially useful for a single-step patterning of etch-stop layer of silicon oxide on a Si surface for a wide variety of applications in MEMS, NEMS and Lab On a Chip (LOC) devices fabrication. The oxidized silicon pattern can be used as an etch stop in the etching process for fabrication of micro/nano scale features. In comparison with previous maskless methods, this technique offers a higher flexibility and reduced processing time and cost of fabrication. This technique does not require a photomask and any redesign can be easily done in the large scanning fields (mm × mm) by using CAD software for the beam scanning.
